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DESCRIPTION 

TEMPERATURE SENSITIVE ELEMENT, PROCESS FOR PRODUCING THE 
SAME, AND NANOTHERMOMETER 



Technical Field 

The present invention relates to a temperatnr, sensitive element, a 
process for prodnc.ng the same, and a nan.thermome.er. More specifically, 
the present invention relates to a t.mpera.nr. sensitive element comprising a 
carhon nan.tnhe in which indinm Is inclnded, a process for pr.dncing the some, 
and a new nano.hermome.cr wherein .he tempera.nre sensitive Clemen, is osed 
,„ mahe 1. pos.ihle to measnre tcmperatnrc, within a wide temperatnre range 
in an environment having a micrometer siee. 

Background Art 

Many researchers have made a great number of studies since carbon 
nanotubes (CNTs) were discovered in 1991. As a result, methods for using 
carbon nanotubes have been found out in various fields so far. 

For example, carbon nanotubes can be used for an electric field effect 
element, the tip of a probe for a scanning probe microscope, superconductive 
m aterial, a high-sensitivity microbalance, structure material, a micro-forceps 
for operation on a nanometer scale, a gas detector, a hydrogen energy storing 
device, and the like. Studies for incorporating a filler into carbon nanotubes 
have been made (non-patent document 1 and patent document 1). 

On the other hand, in recent years, many researchers have been taking 
part in at least the fields of researching micrometer size areas. Thus, a 
nanothermometer capable of measuring the temperature of an environment 
having a micrometer size has become necessary. So far, however, a 
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hlgl ,.pr.cisi.n ...oth.rm.me.er nsefn. for environment, having a — « 
size ba S not bee. fonnd on.. Meanwhile, according thermometers which 
have been known so tar, the Lmp.ra..r. rang, whicb can b« measured is 
reL.ivel, narrow. I. is therefore necessary .ba. when ,emp.ra.nr. S within a 
wide range are measnred, several kinds of thermometers are separately 
pr epared depended., on ,.mp.ra..res .. be measnred. Thn S , labor and costs 
are reqnir.d. Consequently, a thermometer capable of measnri.g 
temperatnres within a wide range by itself has been intensely desired. 

,„ such cirenmstances, the inventors of the present invention once 
m .d. a nanothermometer .sing a carbon n.notnb. in which ga.linm is inc.nded 
( a„n-p.te». d.cnment 2). This nanothermometer, which « S .s a carbon 
aanotnbe in whicb ga.linm is inc.nded, can be «xp«e.ed as a nano.berm.me.er 
capable of meaning ..mpera.nres within a wide range precisely in a 
m ,cr.m..er sUe environment. However, ,h. .nv.a.ors of this applica.i.n have 
repeatedly m.de research .0 find on. a „an..berm.m«.«r capab.e of measnring 
temperatnres within a wide range more precisely. 

N.n. P ...n. doenmen. 1= P. Ajayan and S. lijima, -Capillarity-indnced 
Filling of Carbon Nano.nb.s-, Na.nre, Vol. 3*1, PP- 333-334, 1993, 

Non-paten. docnm.nt 2: fihna Gao, Yoshio Band. "Carbon 
nanothermometer containing g».H»m", Natnre, Vol. 425, p. 399, Febrnar, 7, 

2002 

Patent document 1: Japanese Patent Application Laid-Open (JP-A) No. 
06-227806 



Disclosure of the Invention 

In light of the above-mentioned situation, the present invention has 
been made, and an object thereof is to overcome problems in the prior art and 
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to provide a new nanothermometer capabie of measuring temperatures within a 
wide temperature range with a high precision in an environment having a 
micrometer size. 

To solve the above-mentioned problems, firstly, the present invention 
provides a temperature sensitive element comprising a carbon nanotube in 
which continuous and columnar indium is included, wherein the length in the 
axial direction of the columnar indium in the carbon nanotube can be changed 
with a change in the temperature of an environment. Secondly, the present 
invention provides the temperature sensitive element according to the first 
invention, wherein the length in the axial direction of the carbon nanotube is 
from 1 to 10 um (inclusive), and the diameter thereof is from 100 to 200 nm 
(inclusive). 

Thirdly, the present invention provides a nanothermometer comprising 
the temperature sensitive element according to the first or second invention 
and comprising a temperature-measuring section for measuring the 
temperature of an environment by measuring the length in the axial direction 
of the columnar indium, in the temperature sensitive element, which can be 
changed with a change in the environment temperature. 

Fourthly, the present invention provides the nanothermometer 
according to the third invention, wherein the environment temperature in the 
temperature range of 170 to 400°C (inclusive) is measured. Fifthly, the 
present invention also provides the nanothermometer according to the third or 
fourth invention, wherein the error of the measured temperature is within 
± 0.23°C. Sixthly, the present invention also provides the nanothermometer 
according to any one of the third to the fifth inventions, wherein a transmission 
electron microscope is used in the temperature-measuring section to measure 
the length in the axial direction of the columnar indium in the carbon 
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nanotube. 

Seventhly, the present invention provides a process for prodocing « 
t.ntpera.nre sensitive element according to the firs, or second invention, 

nnK.rm state, the step of su.jec.iug the mixed powder to heating treatment a. 

. temperatare of 900 to 1400-C (inclusive) nnder inert gas flow, thereby 

vap.ri.iag the mixture, and the step of causing the vapor to react a. a 

temperatare of 800 to 850°C (inclnsive). 

Eighthly, the present invention provides the process for producing a 
temperatare sensitive element according to the seventh Invention, wherein the 
weigh, rati, of the Indian, oxide powder to the carhon powder Is from 6 : 1 to 
15 ■ 1 Ninthly, ,he present invention provides the process for producing a 
temperature sensitive element according the seventh or eighth Invention, 
wherein the carbon powder is amorphous activated carbon. Te.th.y, the 
pr esen. invention provides the process for producing a temperatare sensitive 
e,eme„. according to any one of the seventh to the ninth inventions, wherein 

the inert gas is nitrogen gas. 

Eleventhly, the present invention provides the process for producing a 
temperature sensitive element according ,0 any one of the seventh to the tenth 
inventions, wherein a vertical high frequency induction heating furnace Is ascd 
,„ conduct the heating treatment. Twe.f.hly, the presen. invention provides 
t „e process for producing a temperature sensitive element according ,0 an, one 
„, ,h. seventh to the eleventh Inventions, wherein the heating treatment is 
conducted a. a temperature of 1200 to 1400°C (inclusive) for on. hour or more. 

Brief Description of the Drawings 

Fig. 1(a) is a photograph of a transmission electron microscopic image 
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of carbon nanotubes in which indium is included. 

Fig. Kb) is a photograph of an X-ray diffraction pattern of the carbon 

nanotubes in which indium is included. 

Fig. 1(0 is a diagram showing a pattern of an X-ray energy dispersive 

spectrum. 

Fig. 2(a) is a photograph of a transmission electron microscopic image 
of a carbon nanotube in which indium is included at 20°C. 

Fig. 2(b) is a photograph of a transmission electron microscopic image 
of one tip of the carbon nanotube in which indium is included at 377°C. 

Fig. 2(c) is a photograph of a transmission electron microscopic image 
containing a closed tip of the carbon nanotube in which indium is included. 

Figs. 2(d) and (e) are each a photograph of a transmission electron 
mi croscopic image of a carbon nanotube in which indium is included, the tip of 

the nanotube being spherical. 

Figs. 3(a) «. (d) are photographs of transmission electron mieroseopie 
imag es of the heights of coinntnar ind.nnrs a, 170»C, 270-C, 322°C, and 377-C, 
respectively. 

Fig. 4 is a graph showing a relationship between the height of the 
forefront face of indium and temperature. 

Reference numbers in the drawings represent the following: 

1 one-dimensional nano-scale wire 

2 carbon nanotube 

3 indium 

4 gallium 

Best Modes for Carrying Out the Invention 

The present invention has characteristics as described above, and 
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embodiments thereof are described hereinafter. 

The temperature sensitive element of the present invention is 
characterized by comprising a carbon nanotube in which continuous and 
columnar indium is included, wherein the length in the axial direction of the 
columnar indium in the carbon nanotube can be changed with a change in the 
temperature of an environment. 

Since the temperature sensitive element of the present invention makes 
use of fine structure of the carbon nanotube, this element can be made up to a 
very small temperature sensitive element for a micrometer size. The wording 
-temperature sensitive element" means an element which directly sensitizes 
temperature and changes the state (such as the volume or the resistance) 
thereof with a change in temperature. 

Specifically, it is possible to form a temperature sensitive element 
wherein the length in the axial direction of a carbon nanotube is from 1 to 10 
um (inclusive) and the diameter of the nanotube is from 100 to 200 nm 
(inclusive). The use of this makes it possible to realize a nanothermometer 
capable of measuring, with a high precision, temperatures of an environment 

having a micrometer size. 

In the temperature sensitive element of the present invention, indium is 

included in a hollow cylinder of the inside of the carbon nanotube; therefore, 

the indium has a continuous columnar shape. 

The nanothermometer of the present invention is characterized by 

comprising the above-mentioned temperature sensitive element, and comprising 
a temperature-measuring section for measuring the temperature of an 
environment by measuring the length in the axial direction of the columnar 
indium, in the temperature sensitive element, which can be changed with a 
change in the environment temperature. 
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Th« action principle of .he nan.thermome.er of the present invention is 
based on .he expansion proper., of .he indium present inside the carbon 
nanotnbe, the proper,, being dependent on t.mpera.nre ehange. A change 
similar to the change of expansion and contraction of co.nn.nar tnercor, in a 
m . rc „r, tbermome.er, whicb is wide., Known, is observed in the columnar 
iudium inside the carbon nanotnbe. The .ength in the axial direction of the 
columnar indium inside ,h. carbon nanotnbe is measured, whereb, 
temperature can be measured. In this case, a transmission e.ec.ron 
mi croscope is used in the temperature-measuring section «o mate i, possib.e to 
measure .he ieng.b in the axia. direction of .he co.nmnar ind.nm inside ,he 

carbon nanotube. 

Tbe reason wh, Indium is selected as the material included in the 
eacbon nanO.be In the present invention is lh».= indium has a r.la.lve., low 
siting point o, 156.6-C bu, has a high boiling po.n. of 2.S»»C, whereb, ,he 
,empera.nre range of .he liquid phase .hereof is h.gh so .ha. ,he vapor pressure 
.beceof is low even a, high temperatures; therefore, Ind.um is sni.ab.e for be.ng 
used for a tbermometer for a wide temperature range. 

In other words, the nano.herm.me.er of the present invention has a 
„ ld e measurable temperature range, using a wider temperature range (15..6 .. 
2 , 5 0'C, of the liquid Phase of Indium than the range (-38.87 ,. 350.58-0 of the 

liquid phase of mercury. 

When temperature is raised within the temperature range of 170 to 
4,0°C (inclusive), the length of the columnar Indium in the nan.thermometer 
of .his application increases linear!,. When temperature is dropped, the 
,e„g.h decreases linear., also. According!,, when the nan.thermometer of .be 
pr ese„, Invention is used within the temperature range of 170 ,. 40.°C, Ihe 
temperature of an environment can easil, be measured w„h a high precision 
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from the length of the indium included in the carbon nanotube. More 
specifically, the environment temperature can be measured in such a manner 
that the error of the measured temperature is within ±0.23°C. 

It is therefore possible to use the nanothermometer of the present 
invention suitably for research associated with the measurement of 
temperatures within a wide temperature range in an environment having a 
micrometer size. 

The process for producing a temperature sensitive element of the 
present invention is characterized by comprising the step of mixing indium 
oxide powder and carbon powder into a uniform state, the step of subjecting 
the mixed powder to heating treatment at a temperature of 900 to 1400°C 
(inclusive) under inert gas flow, thereby vaporizing the mixture, and the step of 
causing the vapor to react at a temperature of 800 to 850°C (inclusive). 

As the raw material of the carbon nanotube used in the temperature 
sensitive element, carbon powder can be used. As this carbon powder, carbon 
powder having a relatively high purity, for example, a purity of 90% or more 
can be used. The carbon powder is desirably activated carbon, more 
preferably amorphous activated carbon. As the raw material of the columnar 
indium included in the carbon nanotube, indium oxide can be preferably used. 
As the inert gas, nitrogen gas can be preferably used. 

In the process of the present invention, an excellent temperature 
sensitive element can be formed by adjusting the weight ratio of indium oxide 
and carbon powder into the range of 6 : 1 to 15 s 1, more preferably 11.6 : 1. 

The indium oxide powder and the carbon powder are mixed into a 
uniform state, and the mixture is subjected to heating treatment at a 
temperature of 900 to 1400°C (inclusive) under the flow of the inert gas, 
whereby the indium oxide and the carbon powder can be vaporized. The 
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heating treatment at this time can be condncted nsing a vertical high frequency 
indnction heating furnace, which is a widely usable apparatus and is suitable 
for heating an object to high temperature. When the heat treatment is 
conducted at a temperature of 1200 to 1400°C for one hour or more, an 
excellent temperature sensitive element is formed. The vapor is carried with 
the inert gas flow, and is caused to react at a temperature of 800 to 850°C 
(inclusive) to generate a deposit. 

For example, in the case where a pipe for introducing the inert gas flow 
is fitted to the bottom of a susceptor of the vertical high frequency induction 
heating furnace and an exhaust pipe is fitted to the top thereof, the 
temperature sensitive element of the present invention can be obtained as a 
deposit on the inside surface of the top exhaust pipe. 

Herein, the principle of the process for producing a temperature 
sensitive element of the present invention is described. 

Two processes are in generally known for producing a carbon nanotube 
in which a certain kind of material is included. One of them is a process of 
using an existing carbon nanotube to cause the material to be included in the 
carbon nanotube by a capillary phenomenon method, a melted medium method 
or a wet chemical dissolving method. The other is a process of producing the 
carbon nanotube and the material at the same time. The process for 
producing a temperature sensitive element comprising of a carbon nanotube in 
which indium is included in the present invention is the second process of the 
above-mentioned processes. 

In the present invention, the production of a carbon nanotube in which 
indium is included is related to chemical reactions at two stages. First, in a 
crucible made of graphite at a higher temperature than about 900°C, indium 
oxide powder and amorphous carbon powder reacts with each other as shown 
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by the following formula, whereby vapor of ln 2 0 and CO can be generated: 
ln z 0 3 (solid) + 2C (solid) -> ln 2 0 (vapor) + 2CO (vapor) 
The volume Gibbs energy change for generating the vapor of 1 mole of 
I„ 2 0 at 1360°C is calculated as -256 kj. Considering a high surface Gibbs 
energy of the amorphous activated carbon powder, the above-mentioned 
reaction would be sufficiently caused. 

Next, the vapor of In z O and CO reaches the inside surface (about 
800°C) of an exhaust port in the cylinder made of graphite. As a result, 
vapor/vapor reaction is caused as follows, so as to generate indium and carbon: 
ln,0 (vapor) + 3CO (vapor) -> 2In (solid) + C (solid) + 2C0 2 (vapor) 
To generate 1 mole of carbon in this reaction, a Gibbs energy of - 42 kj 

is reduced according to calculation. 

As described above, a temperature sensitive element which comprises a 
carbon nanotube in which indium is included can be formed by chemical 

reactions at two stages. 

Hereinafter, working examples are given along the attached drawings 
to describe embodiments of the present invention in more detail. Of course, 
this invention is not limited to the following examples, and details thereof can 
be modified into various embodiments. 

Examples 
<Example 1> 

First, a temperature sensitive element comprises a carbon nanotube in 
which indium was included was produced using a vertical high frequency 
induction heating furnace. This vertical high frequency induction heating 
furnace was made of a transparent quartz glass tube of 50 cm length, 12 cm 
diameter and 0.25 cm thickness. A cylinder made of high-purity graphite was 
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„„,d into ,h, S <,uar,x glass tube. This cy.i.d.r had a leng.h or , cm, an outer 
d.ame.er of 4.5 cm and an inner diameter of 3.5 cm. A gas Introducing pipe 
and a 8 »s exhaust pipe were se« ,0 the bottom and .be top of this cy.inder, 
respective*. Fnr.b.rmore, a crucible made o, graphite and baving a diameter 
„f 2 cm and a height of 2 cm was set inside this cylinder. 

A uniform mix.nre of indium oxide powder aud amorphous activated 
carbon powder, the weigh, ratio therebetween being a. 11.6 , 1, was pu, into 
this crucible and then h.gh-puri.y nitrogen gas flow was introduced <n.o .be 
heating surface. The mlx.ure was .hen subjec.ed .0 hea.ing .rea.men. a. 
,3oO°C for 2 boars. Af.er the heating .rea.men., .he starting mix.ure ins.de 
,he graphi.e crucible disappeared. A small amoun. of a materia, was 
deposited on the inside surface of an exhaust port In «h. upper part. The 
temperature of the vicinity of the exhaust por., where.n the ma.er.a. was 

deposited, was about 800°C. 

Tbe deposited material was collected and analysed with a 300-kV 
e.cc.ric field emission analysis high-res.lu.i.n transmission elec.ron 
Microscope .o wbicb an X-ra, energy dispersive spec.rome.er was fitted. Tb. 
result is shown in Figs. 1. Fig. 1(a) is a photograph of a transmtssion electron 
Microscopic image of oue-ditnensi.ua. na.o-sca.e wires (1) of the co.lected 
deposit. Tbe length of the one-dimens.ona, nano-sc.le wires <1) was about 1. 
am, and the diameter thereof was from 100 to 200 nm. 

Fig. Kb), wbicb is a, the upper left comer in Fig. 1(a), is » photograph 
.f the electron beam diffraction pattern of one on. of ,h. one-dimensional 
„a„..sca.e wires ,1, in Fig. 1(a), which shows .ha. .he outside layer Is a carbon 
nanotube (2) and a material included .herein is indium (3). Fig. 1(c) is a 
g rapb show.ng a measurement result of the X-ra, energy dispersive spectrum 
of .he deposit. From this figure, it was understood .ha, .be deposit bad a 
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composition composed of indium and carbon. The peak of Cu in Fig. KO is a 
peak originating from a copper grid fitted to the sample used for the 
measurement with the transmission electron microscope. 

Next, in Fig. 2(a) is shown a photograph of a transmission electron 
microscopic image of a carbon nanotube in which indium was included, the 
form of this carbon nanotube being kept complete from one end thereof to the 
other end. Fig. 2(a) is an image of a carbon nanotube (2) at 20°C in which 
indium (3) was included, and Fig. 2(b) is a photograph of a transmission 
electron microscopic image of the tip of the carbon nanotube (2) when this 
sample was heated to 377°C. After the heating, the same shape was kept. It 
was understood from this result that the tip of the carbon nanotube (2) was 
closed. 

In Fig. 2(c) is shown a photograph of a transmission electron 
microscopic image of the carbon nanotube (2), including the closed tip, in 
which the indium (3) was included. In the same manner as in Fig. 2(a), the 
thickness of the tip was equal to that of portions apart from the tip. On the 
other hand, for comparison, Figs. 2(d) and (e) show photographs of a portion of 
a carbon nanotube (2), including the tip thereof, in which gallium (4) was 
included; and the tip of the carbon nanotube, respectively. It is understood 
that the tip of the carbon nanotube was in a spherical form and this portion 
was thicker than that of portions other than the tip, which is different from 
Figs. 2(a) and (c). 

Next, the deposit was heated in the microscope, using a Gatan heating 
holder and a heating system accompanying the holder. Photographs of 
transmission electron microscopic images in Figs. 3(a) to 3(d) show the heights 
of the forefront face of indium in the case where the indium was heated to a 
higher temperature than the melting point of the indium. The temperatures 
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about Figs. 3(a), 3(b), 3(c) and 3(d) are 170°C, 270°C, 322°C, and 377°C, 
respectively. The forefront face of the indium becomes higher as the 
temperature gets higher, as is evident from Figs. 3(a) to (d). 

Fig. 4 shows a graph showing a relationship between the height of the 
forefront face of indium and the temperature. As is evident from Fig. 4, it is 
understood that a substantially linear relationship is realized in the range of 
170 to 400°C (inclusive) between the height of the forefront face of the indium 
and the temperature. In the case that the indium is liquid, the expansion 
coefficient thereof is 0.1 x 10' 3 K . Thus, when the temperature is changed 
from 20 to 400°C, the effect of the expansion of the carbon nanotube onto the 
height of the forefront face of the indium can be ignored since the linear 
expansion coefficient of the graphite-form carbon, which is the component of 
the carbon nanotube, is a very small of 1 x 10 « in the range of 20 to 400»C. 

Accordingly, the relationship between the height of the indium 
forefront face and the temperature depends only on a volume change of the 
columnar indium, which accompanies a change in the environment 
temperature. 

From the results in Fig. 4, the carbon nanotube in which the columnar 
indium is included can be used as a temperature sensitive element in the 
temperature range of 170 to 400°C, wherein the indium is in a liquid state. 
Thus, it is possible to form a nanothermometer having this temperature 
sensitive element and a temperature-measuring section for measuring the 
length of the columnar indium of the temperature sensitive element, the length 
being changed with a change in the temperature of an environment, thereby 
measuring the environment temperature. 

About the nanothermometer of the present invention, the following can 

be referred to. 
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From the inclination of the linear line in Fig. 4, the variation AH of the 
forefront face of the indium is represented by the following: 

AH = 0.857 (t - 170) 
wherein AH is the difference between the height of the forefront face of the 
indium at a temperature fC and the indium forefront face height at 170°C. If 
the AH (nm) can be known, the temperature t fC) can be measured. The 
precision in temperature measurement by use of the nanothermometer of the 
present invention can be set to 0.23°C by setting the resolution of the 
transmission electron microscopic image in the temperature-measuring section 



As 

be 



to 0.2 nm. 

described above, the nanothermometer of the present invention can 
applied to temperature measurement in an environment of a micrometer size, 
and can fulfill an important role in various research fields associated with the 
temperature measurement of the micro meter size environment. 



Industrial Applicability 

As described in detail, according to the present invention, it is possible 
to provide a new nanothermometer which can be used to measure temperatures 
i„ a wide temperature range in an environment having a size of micrometers or 
less. 
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